The preceding communication (1) described observations on the duration of the bacteremias which occurred in mice during the 2nd week after exposure to 550 r total body x-irradiation. The most rapidly fatal were those caused by Pseudomonas aeruginosa. Every mouse which developed Pseudomonas bacteremia died within 24 hours after the presence of this organism was first demonstrable in the blood stream. This finding was consistent with our past experience with epizootics mused by this microorganism (2). Such outbreaks, which occurred only among irradiated mice, resulted in very high mortalities within a very few days.
Pseudomonas aeruginosa. Every mouse which developed Pseudomonas bacteremia died within 24 hours after the presence of this organism was first demonstrable in the blood stream. This finding was consistent with our past experience with epizootics mused by this microorganism (2) . Such outbreaks, which occurred only among irradiated mice, resulted in very high mortalities within a very few days.
Pseudomonaz was therefore chosen for the following experiments in which it was desirable to use a microorganism which on oral inoculation was nonpathogenic for normal mice but rapidly fatal for irradiated mice. Inoculation with such a microorganism would demonstrate most effectively the increase in host susceptibility which follows total body irradiation. The rapidity with which Pseudomonas bacteremia kills irradiated mice was advantageous because of the short interval between challenge and death. An infection with a long incubation period would have lengthened the time lapse between inoculation and death. These additional days would have increased by that much the interval between irradiation and the test inoculation; and it was to correlate time post irradiation and susceptibility to infection that these experiments were undertaken.
The oral route of inoculation was chosen in order to simulate the natural route of the infections which give rise to spontaneous bacteremias in irradiated mice. It has been assumed that the gastrointestinal tract is the portal of entry since all the fatal bacteremias are caused by members of the normal enteric microflora. 550 r was the dose of x-irradiation used because it is in the upper range of dosage in which infection plays an important role in the death of this strain of mice.
Materials and Methods
Mixe.--Rockland "RAP" female mice, 9 to 10 weeks old, weighing 20 to 25 gin. were used. They were housed in groups of 15 to 20 in stainless steel cages until inoculation, after which each mouse was kept in a separate cage. The cages and bedding, which consisted of steam-sterilized wood shavings, were changed weekly. The water was changed daily, using freshly sterilized bottles and drinking tubes. The animals were fed Rockland mouse pellets.
Strains of Pseudomonas aeruginosa.--The strain used in the preliminary experiments and in the first one described in detail under Experimental was obtained from a heart's blood culture of an irradiated mouse. It fermented the sugars characteristic for this species, liqnified gelatin, produced good hemolysis on blood agar and green pigment on nutrient agar. The LD~o of this strain for normal mice was approximately 6.5 X 10 7 on intraperitoneal inoculation, and 4.1 X 10 6 on intravenous inoculation. A number of aliquots of broth culture were stored in the frozen state in the deep freeze refrigerator and a subculture of one used for the inoculation of each group of mice.
The streptomycin-re.cistant strain of Pseudomonas a~uginosa was also obtained from the heart's blood culture of an irradiated mouse. On isolation it was sensitive to streptomycin but was made resistant by subcnitlvatlon in broth containing increasing concentrantios of streptomycin until it grew abundantly in broth containing 1 rag. per mi. The LD~ of this strel> tomycin-resistant strain, as determined on normal mice by intraperitoneal inoculation, was approximately 5.0 X 10 s, nearly eight times that of the strain described above. Since this streptomycin-resistant strain tended to lose virulence, even in the frozen state, it was passed repeatedly through mice. By so doing, its virulence was maintained at the level just mentioned which was maximal since it was never exceeded.
Inoculation.--An 18 hour agar culture was harvested in sterile water and the suspension diluted to contain approximately 108 bacteria per ml. (checked by plate counts on appropriate dilutions). 0.1 ml. was introduced into the stomach by means of a curved tube attached to a small tuberculin syringe. The tube was made by cutting off the point of an 18 gauge needle, 2 inches long, protected at the end with a bead of silver. 1 It was carefully passed through the back of the mouth and down the esophagus into the stomach. After sufficient practice, it was possible to carry out this procedure with a minimum of trauma to the mouse. Any mouse which struggled enough to raise doubt about the position of the tube was discarded.
To be certain the bacteria had been introduced into the stomach and not into the trachea, a total of 30 mice were killed after inoculation and their lungs ground separately in a Waling blendor and cultured. In no instance was Ps~udomonas recovered from the lungs.
Normal control mice were inoculated by the method just described and also by means of their drinking water which was infected with Ps~domono~ aeruginosa to make a suspension in tap water containing 10 ~0 organisms per ml.
Autopsy Cultur~.--Every mouse which died after inoculation was autopsied and its heart's blood cultured, those inoculated with the normal strain onto plates of blood agar and eosinmethylene blue agar, and those inoculated with the streptomycin-reslstant strain onto blood agar and nutrient agar, the latter containing 1 rag. streptomycin per ml.
Irradiation.--16 mice were irradiated at a time and thereafter distributed at random among t For a sample of this tube the authors are indebted to Dr. Willie Smith of the National Institutes of Health. the experimental groups. They all received 550 r total body x-irradiation in a single exposure, although the technique used in the first experiment could not be duplicated in the second.
For the earlier experiment, in which the normal strain of Pseuclomonas was used, the mice were irradiated at the X-ray Division of the Argonne National Laboratory s. X-ray was delivered at 250 kv., 15 ma., at a distance of 27 inches using ~ mm. copper and 3 ram. bakelite falters, at a rate of approximately 20 r per minute. For the later experiment with the streptomycin-resistant strain, the mice were irradiated at the Argonne Cancer Research Hospital of the University of Chicago at 250 kv., 30 ma., at a distance of 79.25 cm. using ~ ram. copper and 1 mm. aluminum filters, at a rate of approximately 60 r per minute.
E X P E R I M E N T A L
Unirradialed Controls.mPseudomonas aemginosa was fed to 30 mice in their drinking water continuously for 5 days. So far as could be observed, they drank as readily of this infected water as of ordinary tap water. Since our mice have been found to consume approximately 2 ml. of water per day, these mice received approximately 2 X 10 j° organisms per day. They r e m~e d in good health during an observation period of 30 days. So also did 30 normal mice inoculated with 10 v Pseudomonas by mouth.
Irradiated M/ca--Because of the numbers of mice involved, the following experiment could not be performed at one time and was divided into five separate "runs." All the mice in each run were irrs~liated on the same day. A fourth of them were inoculated by mouth as soon as possible after irradiation, another group 5 days later, another 11 days later. An uninoculated control group was isolated after x-ray and kept under observation for 20 days.
The inocula consisted of approximately 107 Pseadomonc~ acruginosa introduced into the stomach by the method described. Every mouse which died was autopsied as soon as possible and its heart's blood cultured to determine the presence or absence of Pseadomongs bacteremia.
RESULTS
In the results described below, _Pseudomonas bacteremia, as determined by postmortem culture of heart's blood, has been considered the immediate cause of death, since in our experience mice irradiated with 550 r have always died within 24 hours after Pseudomonas bacteremia developed. With the exception of 1 or, at most, 2 in each group, all the mice which died were found to have positive blood cultures. All but five of the cultures were pure cultures. The microorganisms recovered, other than Pseudomonas, were all members of the normal intestinal microflora. 1 in the 5th day group, and 4 in the 11th day group, contained Proteus as well as Pseudomonas.
In Fig. 1 are plotted two daily mortality curves for each group of mice---the solid line those dying with Pseudomonas bacteremia, and the broken line the total mortality in that group, s Deaths which occurred before inoculation have been disregarded. Among the mice inoculated immediately after irradiation none died until the 5th day, but all which died that day had Pseudomonas bacteremia. In the group inoculated on the 5th day, more than half of the deaths were associated with Pseudomonas bacteremia and all of these deaths occurred during the 4 days after inoculation. FIo. 1. Deaths due to Pseudomonaa bacteremia after feeding 10' Pseudomonas at times indicated by arrows. Cumulative mortality curves. The solid lines plot deaths with Pseudomonasbacteremia; thebroken lines, total mortalities. In the uppermost group 1 mouse died with negative blood culture; in the second and third groups, 2 each; in the bottom group, none.
Even greater was the mortality attributed to Pseudomonas bacteremla (70 per cent) among the mice inoculated on the 11th day post irradiation, most of the deaths from this cause occurring within 3 days after inoculation.
In the uninoculated control group, 2 mice died with Pseudomonas bacteretain. This finding was not surprising because it was known that a small proportion of the mice carried Pseudomonas aeruginosa in their intestinal tracts. To rule out this source of error, the experiment was repeated using a streptomycin-resistant strain of this microorganism. FZG. 2. Deaths due to Pseudomonas bacteremia after feeding 10 7 Pseudomonaz at times indicated by arrows. Cumulative mortality curves. The solid fines plot deaths with Pseudomonas bacteremia;the broken fines, total mortalities. In the uppermost group 3 mice died with negative blood cultures; in the second group, 4; and in the th;rd group, 6.
Inoculation witk the Streptomycin-Resistant
Strain.--The methods employed in this experiment were identical with those described above, except that heart's blood was cultured in duplicate on blood agar and streptomycin agar. The results presented in Fig. 2 were essentially the same as those of the previous experiment. The curves of Pseudomonas mortality, although reaching corresponding levels, do not rise as steeply as in Fig. 1, i .e. the mice did not die quite so rapidly, a result which can be explained by the lower virulence of the streptomycin-resistant strain with which these mice were inoculated. As in the previous experiment, all but a few of the heart's blood cultures were pure cultures. In the three groups there were 1, 6, and 1, respectively, which contained a second microorganism. The mortality curve of the 88 irradiated, but uninoculated, controls has been omitted. It was similar to that shown in Fig. 1 . The mortality in this group was 86 per cent at 20 days. None of their blood cultures contained the streptomycin-resistant Pseudomonas.
DISCUSSION
In these experiments mice were inoculated by introducing directly into the stomach, at different times post irradiation, numbers of Pseudomonas aeruginosa which had been found to be quite harmless for normal mice. The effect of such inoculation, as measured by deaths due to Pseudomonas bacteremia, was most marked among mice inoculated on the llth day after irradiation, somewhat less among those inoculated on the 5th day, and least in those inoculated immediately after irradiation. In other words, susceptibility to infection by this route increased with time post irradiation.
These findings are in accord with those of Shechmeister, Bond, and Swift (4) who infected mice at different times after irradiation with 350 r by exposing them to an aerosol of Streptococcus zooepidemicus, and found that their susceptibility to fatal infection increased to a maximum at 15 days after irradiation.
On the other hand, our results differ from those of Sheehmeister, Paulissen, and Fishman (5) who studied the susceptibility of mice to intraperitoneal infection with Salmonella enteridias at different times after irradiation with 350 r, and found the LD~0 to be as low at 8 hours after irradiation as at 1 and 5 days post irradiation. Since the data do not include the survival time, i.e. the duration of the lethal infections, it is difficult to correlate precisely the time post irradiation and susceptibility to infection. Salmonella infection, at least in our experience, may last some days before death, even in irradiated mice.
Marston, Gonshery, Alderman, and Smith (6) inoculated irradiated mice subcutaneously with 0.2 ml. of a 24 hour culture of Proteus, and found no increase in susceptibility to fatal infection after the 3rd day post irradiation. Some of their experiments indicate that mice were somewhat less susceptible to infection on the 6th, 9th, and 12th days post irradiation than on the 3rd day. The virulence of their organism was sufficient to kill large numbers of their irradiated mice within 24 hours.
In the experiments herein described, resistance to infection was challenged at different times post irradiation by introducing standard inocula of Pseudomona.s aeruginosa into the stomach. This microorganism, which, on oral inoculation, was quite harmless for normal mice, proved to be rapidly fatal in irradiated mice infected on the llth day post irradiation. Its lethal effect was almost but not quite as marked when inoculation was made on the 5th day post irradiation.
It seems unlikely that the progressive increase in susceptibility to this infec-tion was due to increasing permeability of the intestinal mucosa. No histological study was made in this present experiment, but the histopathology of irradiation damage to the intestinal mucosa has been carefully studied by a number of workers.
Ulceration has been described in human casualties which survived until the 5th to 7th week (7, 8) . In rats, focal ulceration was observed by Koletsky (9) in an occasional animal during the 2nd or 3rd week after exposure to an LD~ dose of x-ray. 4 However, the published reports of systematic studies agree that the initial injury to the intestinal mucosa is entirely repaired by the 4th or 5th day after irradiation within the range used in these experiments. Pierce (10) found this to be true in mice as well as in rats, guinea pigs, and rabbits.
Barrow and Tullis (11) in their report on the histopathology of mice exposed to 1100 r (1000 kv., 3 ma.) commented particularly on the remarkable regenerative capacity of the intestinal epithelium, which, at 65 hours, was practically indistinguishable from the normal. Lamson and Tunis (12) found that the intestinal mucosa of mice exposed to 625 r (2000 kv.) had returned to normal by 50 hours. Montagua and Wilson (13) also found that the mouse's intestinal mucosa had regained its normal appearance 96 hours after 550 r (200 kv., 20 ma.). Brecher and Cronkite (14) observed that in dogs exposed to 500 r (2000 kv.) the repair was complete within 3 or 4 days.
Similar findings on rats exposed to 700 r have recently been described by Tillotson and Warren (15) who applied some of the newer cytochemical techniques to a systematic study of the effect of radiation on the nudeoproteins and alkaline phosphatase content of the intestinal epithelial ceils.
All the investigators just mentioned found damage to the mucosa to be maximal within a few hours after irradiation. It was at this time, however, that oral inoculation of Pse~omonas produced the fewest fatal bacteremias.
That the intestinal mucosa is not impermeable to bacteria has been demonstrated by Gordon and Hahne (16) in normal as well as irradiated mice of the same strain. Consideration of these various observations seems to lead to the conclusion that the results in the present experiments are to be explained on the basis of impairment of the host's defense mechanism, as were those of the spontaneous bacteremias described in the preceding paper (1). It is well known that x-irradiation causes a rapid fall in the number of circulating leucocytes and atrophy of the lymphoid tissue. But these changes do not wholly explain the increased susceptibility following total body irradiation, as has been emphasized by Shechmeister, Bond, and Swift (4). We are in agreement with their conclusion that the changes which occur are probably complex and will require much more study to be understood.
It is certainly impossible at the present time to evaluate the relative importance of the various elements in the mouse's defense mechanism which suffer impairment from irradiation. It is clear, however, that the animal's susceptitibility to infection, even by the oral route, is greatly increased during the 2nd week after irradiation with the doses of x-ray used in these experiments.
SUAf]~ARY
Mice were inoculated by mouth at different times (2 hours, 5 days, and 11 days) after a single exposure to 550 r total body x-irradiation. The inocula contained approximately 107 Pseudomona~ ~ruginosa which was found to be quite harmless for unirradiated mice.
Comparison of the cumulative mortality curves and of the incidence of Pseudomonas bacteremia showed their susceptibility to infection by this route to be greatest on the llth day, somewhat less on the 5th day post irradiation, and least of all directly after irradiation. Since damage to the intestinal mucosa has been found to be maximal within the first few hours after exposure to doses of x-irradiation in this range, it seems reasonable to conclude that the increased susceptibility is not due to increased permeability of the mucosa of the gut, but to impairment of the animal's natural defenses against infection.
